ABSTRACT
Introduction

Mesenchymal stem cells (MSC) are multipotent precursors able to differentiate into various mesodermal cell types [1]. These cells, for which a unique set of markers -that should allow their direct purification -is still missing, have been isolated retrospectively from bone marrow and several other tissues, by adherence to culture plastic.
A close resemblance between MSC and pericytes has been uncovered, suggesting a perivascular origin for the former [2] [3] [4] [5] [6] and suggesting why MSC can be isolated from all tissues. Pericytes, also known as mural cells or Rouget cells [7] [8] are closely adherent to endothelial cells in capillaries and microvessels. Pericytes have been identified in some tissues [9] [10] [11] [12] [13] . The human perivascular cell is defined by expression of NG2, a proteoglycan expressed during vascular morphogenesis [14] [15] , CD146 (aka S-endo1, Mel-CAM, Muc18 or gicerin), an endothelial cell antigen also expressed at the surface of pericytes [16] [17] [18] and platelet-derived growth factor (PDGF)-R␤, a tyrosineprotein kinase implicated in the control of cell proliferation, survival and migration.
Human umbilical cord (HUC) has been mainly used as a source of endothelial cells (HUVEC) [19] [20] and of mesenchymal stromal cells derived from the Wharton's jelly (WJ) [21] [22] .
In
this study, we localized perivascular cells present in the human full-term umbilical cord and, at a higher frequency, in the foetal (pre-term) cord. We isolated, characterized and expanded these cells in culture and we show that they exhibit the features of MSC, being able to differentiate into mesodermal cell lineages and to migrate towards a damaged tissue. These properties are particularly relevant in view of cellular therapy applications in pre-term newborns, for instance those who are at high risk for chronic lung disease or bronchopulmonary dysplasia (BPD). In fact, although the survival of premature newborns has improved and refinement in neonatal intensive care has modified the outcome of BPD, attempts to prevent or treat this disease are still disappointing. This context prompted us to envision pre-term HUC perivascular cells as novel therapeutic stem cells for treating lung disorders in premature newborns.
Materials and methods
Isolation and culture of human umbilical cord perivascular cells
HUCs from pre-term (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) weeks of gestation; n ϭ 24) and full-term (n ϭ 7) newborns were obtained after informed consent from 31 pregnant women. HUC (median length 14 cm, range [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] were dissected longitudinally to expose the WJ, the vein and the two arteries and the ends of the cords were sutured in order not to digest the internal walls of the vessels (Fig. 1A) Table 2 .
RNA isolation and RT-PCR analysis
colonies (B II, 40ϫ). (C) The growth rate of foetal HUCPC, calculated as cumulative number of population doublings (CPD), was fastest during weeks 4-10 of expansion. (D) The immunocytochemistry analysis at passage 3 of the culture showed that foetal HUCPC are positive for CD146 (I, II, IV: red; III: green) and co-expressed NG2 (I: green), ␣-SMA (II: green), PDGF-R␤ (III: red) and SSEA-4 (IV: green). Moreover, the SSEA-4 ϩ cells (V: red) expressed also Oct-4 (V: green). All the cells (I-V) were stained with DAPI (blue
) was observed mainly in foetal samples, rather than in term cords (2.5% versus 0.15%), confirming immunohistochemistry observations. These cells clearly expressed PDGF-R␤. All of the results of immunocytochemistry are reported in
Further experimental strategy was focused on foetal cord cell isolation, since it is richer in perivascular cells. Our cell isolation approach consisted of a strategy including the ligation of the ends of cords and appropriate culture conditions that led us to exclude as much as possible the endothelial contamination from the beginning and to selectively favour the growth of the perivascular cells.
These cells, maintained in long-term culture, exhibited a spindle shape (Fig. 1B, I ) and formed 'round bottom' colonies (Fig. 1B, II) . The growth rate was calculated as cumulative number of population doublings during weeks [24] . Growth was slow in the first 3 weeks and the fastest rate was during weeks [4] [5] [6] [7] [8] [9] [10] (Fig. 1C) (Fig. 3) . Comparable percentages were found at passage 6.
As illustrated by Figure 1D (I), CD146
ϩ cultured perivascular cells were also positive for NG2, ␣-SMA (Fig. 1D, II) and PDGF-R␤ (Fig. 1D, III) (Fig. 4) . 
expression. In contrast, perivascular cells did not express endothelial cell markers such as CD144, CD34, CD133
Fig. 2 Localization of HUCPC in sections of foetal and fullterm HUC by immunohistochemistry. The presence of HUCPC co-expressing CD146 (red) and ␣-SMA (green) was also detected around microvessels of foetal HUC (A; magnification 400ϫ). Cells coexpressing CD146 and ␣-SMA were identified with a low frequency in the peripheral vascular wall of full-term HUC (C; magnification 200ϫ). WJ cells expressing CD105 (red) were much lower in full-term cords (D; magnification 200ϫ) than in the foetal cords sections (B; magnification 200ϫ).
Cell markers Foetal cord (%) Term cord (%)
CD146 ϩ CD34 Ϫ CD45 Ϫ CD56 Ϫ 7.
Cell markers
Foetal cord (Fig. 5A, I ). Under adipogenic induction, HUCPC generated lipid vacuoles and became stainable by the triglyceride-specific dye Oil Red O (Fig. 5B, I ). (Fig. 5C, I ) and human spectrin (Fig. 5C, II) . To strengthen these results, all the differentiation cultures were stained also with the non-lineage specific markers showing the absence of any other nonspecific lineage commitment.
In osteogenic conditions, HUCPC became mineralized as indicated by staining with the calcium-specific dye Alizarin red
Perivascular cells cultured in myogenic conditions developed into typical myotubes that co-expressed the tracking marker PKH26, human dystrophin
(4) Migratory ability and proteome assay
A model of tissue damage was developed using bleomycin, an antibiotic glycopeptide often used as an anti-cancer agent [25] [26] [27] (Fig. 6A) . A rat alveolar cell line (Fig. 6B, I ) was used to study morphological changes induced by bleomycin (5, 10, 20 (Fig. 6B, II) . At a concentration of 5 g/ml, bleomycin did not induce significant morphological changes, while at the highest concentration of bleomycin (50 g/ml) all cells were detached (data not shown).
Using this model of lung tissue damage, the migratory ability of HUCPC was tested. After 14 days of culture, foetal PKH26
ϩ HUCPC migrated towards the damaged alveolar cell layer (Fig. 6B, III-IV (Fig. 4) and protein levels before co-culture (Fig. 6A, I ). Conversely, migratory HUCPC co-expressed PKH26 and Pro-C, as assessed by immunocytochemistry (Fig. 6B, V-VI) . Moreover, these cells co-expressed PKH26 together with CD146 and NG2 (Fig. 6B, VII-VIII) .
At different co-culture times, supernatants were collected to determine whether angiogenic factors were also secreted. HUCPC in the presence of damage produced high levels of KGF and slight modifications of VEGF levels during the whole culture (Fig. 7) (Fig. 4) , CD34, CD133 and CD144 by flow cytometry (Fig. 3) (Figs 3 and 4) . The latter could have been brought from the WJ since this gelatinous connective tissue contains cells with ultrastructural characteristics of both fibroblasts and smooth muscle cells [30] . In this regard, immunohistochemistry analysis performed on foetal and full-term cords confirmed the presence of genuine mesenchymal stromal cells in this region (Fig. 2B and D) .
Moreover, HUCPC expressed SSEA-4, an early embryonic glycolipid antigen that is commonly used as a marker of human embryonic stem cells and embryos at cleavage to blastocyst stages, and which has been recently identified in the bone marrow MSC population (Fig. 1D, IV) [31, 32] . SSEA-4 was co-expressed with Oct-4, an embryonic cell marker arguably considered as an indicator of stemness (Fig. 1D, V) [33, 34] . Interestingly, HUCPC co-expressed these embryonic cell markers together with perivascular cell markers (Fig. 1D, IV) [13] . In the present study, we also showed the expression of antigens that typify MSC on cultured HUCPC at different passages (Fig. 3) . To further document a possible affiliation between HUCPC and MSC, we confirmed that cultured perivascular cells in appropriate inductive conditions differentiate towards osteogenic (Fig. 5A, I ), adipogenic (Fig. 5B, I ) and myogenic cell lineages (Fig. 5C, I and II [38] . KGF administration has also been shown to protect the lung from a number of toxins (hyperoxia, radiation and bleomycin exposure) [39, 40] 
Moreover, these cells maintain the expression of the perivascular markers CD146 (VII: green) and NG2 (VIII: green). All the cells (V-VIII) were stained with DAPI (blue
